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$EVWUDFW²,W LV D JUHDW FKDOOHQJH WR GLIIHUHQWLDWH 3DUWLDO
'LVFKDUJH 3'LQGXFHGE\GLIIHUHQWW\SHVRI LQVXODWLRQGHIHFWVLQ
KLJK YROWDJH FDEOHV 6RPH W\SHV RI 3' VLJQDOV KDYH YHU\ VLPLODU
FKDUDFWHULVWLFVDQGDUHVSHFLILFDOO\GLIILFXOWWREHGLIIHUHQWLDWHHYHQ
IRUWKHPRVWH[SHULHQFHGVSHFLDOLVWV7RRYHUFRPHWKHFKDOOHQJHD
&RQYROXWLRQDO 1HXUDO 1HWZRUN &11 EDVHG GHHS OHDUQLQJ
PHWKRGRORJ\IRU3'SDWWHUQUHFRJQLWLRQLVSUHVHQWHGLQWKLVSDSHU
)LUVWO\ 3' WHVWLQJ IRU ILYH W\SHV RI DUWLILFLDO GHIHFWV RI
(WK\OHQH3URS\OHQH5XEEHU(35FDEOHVLVFDUULHGRXWLQWKH+LJK
9ROWDJH +9 ODERUDWRU\ WR JHQHUDWH VLJQDOV FRQWDLQLQJ 3' GDWD
6HFRQGO\VHWVRI3'WUDQVLHQWSXOVHVDUHH[WUDFWHGDQGWKHQ
NLQGVRI3'IHDWXUHVDUHHVWDEOLVKHG7KHWKLUGVWDJHDSSOLHVD&11
WR WKH GDWD W\SLFDO &11 DUFKLWHFWXUH DQG WKH NH\ IDFWRUV ZKLFK
DIIHFWWKH&11EDVHGSDWWHUQUHFRJQLWLRQDFFXUDF\DUHGHVFULEHG
)DFWRUV GLVFXVVHG LQFOXGH WKH QXPEHU RI WKH QHWZRUN OD\HUV
FRQYROXWLRQDONHUQHOVL]HDFWLYDWLRQIXQFWLRQDQGSRROLQJPHWKRG
7KH SDSHU SUHVHQWV WKH IORZFKDUW RI WKH &11 EDVHG 3' SDWWHUQ
UHFRJQLWLRQPHWKRGDQGWKHHYDOXDWLRQZLWKVHWVRI3'VDPSOHV
)LQDOO\WKH&11EDVHGSDWWHUQUHFRJQLWLRQUHVXOWVDUHVKRZQDQG
WKH SURSRVHG PHWKRG LV FRPSDUHG ZLWK WZR PRUH WUDGLWLRQDO
DQDO\VLV PHWKRGV LH 6XSSRUW 9HFWRU 0DFKLQH 690 DQG %DFN
3URSDJDWLRQ 1HXUDO 1HWZRUN %311 7KH UHVXOWV VKRZ WKDW WKH
SURSRVHG &11 PHWKRG KDV KLJKHU SDWWHUQ UHFRJQLWLRQ DFFXUDF\
WKDQ 690 DQG %311 DQG WKDW WKH QRYHO PHWKRG LV HVSHFLDOO\
HIIHFWLYH IRU 3' W\SH UHFRJQLWLRQ LQ FDVHV RI VLJQDOV RI KLJK
VLPLODULW\ZKLFKLVDSSOLFDEOHIRULQGXVWULDODSSOLFDWLRQV





LQ HYDOXDWLQJ WKH FRQGLWLRQ RI FDEOH LQVXODWLRQ DQG LQ
LPSURYLQJ WKH UHOLDELOLW\ RISRZHU WUDQVPLVVLRQ DQGGLVWULEXWLRQ




7HFKQRORJLFDO 3URMHFW RI &KLQD 6RXWKHUQ 3RZHU *ULG &R /WG
*'.-;0 DQG 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KLQD 16)&

;LDRVKHQJ3HQJ)DQ<DQJ/L/HH=KDRKXL/LDQG$VKIDTXH$KPHGDUH
ZLWK 6WDWH .H\ /DERUDWRU\ RI $GYDQFHG (OHFWURPDJQHWLF (QJLQHHULQJ DQG










: + 6LHZ LV ZLWK 'HSDUWPHQW RI (OHFWURQLF 	 (OHFWULFDO (QJLQHHULQJ
8QLYHUVLW\RI6WUDWKFO\GH*ODVJRZ*;:8.
LQ LQGXVWULDO DSSOLFDWLRQV >@ +RZHYHU GLIIHUHQWLDWLQJ
IDXOWGHIHFW W\SHWKURXJK3'SDWWHUQUHFRJQLWLRQLVRQHRIWKH
PRVWGLIILFXOWFKDOOHQJHVDQGWKLVKDVUHVWULFWHGWKHODUJHVFDOH
LQGXVWULDO DSSOLFDWLRQ RI 3' EDVHG FRQGLWLRQ PRQLWRULQJ 3'
VLJQDOV LQGXFHG E\ LQVXODWLRQ GHIHFWV ZKLFK VKRZ D KLJK
VLPLODULW\LQWKH3'SDWWHUQVWUXFWXUHDUHHVSHFLDOO\GLIILFXOWWR
GLVWLQJXLVK>@




6HW 56 7KHRU\ >@ $PRQJ WKHVH PHWKRGV 690 DQG
%311KDYHEHHQZLGHO\XVHGGXHWRWKHH[FHOOHQWDQGVWDEOH
SDWWHUQ UHFRJQLWLRQ SHUIRUPDQFH >@ ,Q UHIHUHQFH >@
:DYHOHW7UDQVIRUP:7DQG690DUHFRPELQHGWRUHFRJQL]H
3'VLJQDOV IURP GLIIHUHQW VRXUFHV ,Q UHIHUHQFH>@3DUWLFOH
6ZDUP 2SWLPL]DWLRQ 362 LV HPSOR\HG WR RSWLPL]H WKH
SDUDPHWHUV RI 690 DSSOLHG WR GLVWLQJXLVK 3' VLJQDOV IURP
GLIIHUHQW VRXUFHV LQ *DV ,QVXODWHG 6ZLWFKJHDU *,6 ,Q
UHIHUHQFH>@WZRW\SHVRI%311ZLWKWKHLQSXWSDUDPHWHUV
RI 3KDVH 5HVROYHG 3DUWLDO 'LVFKDUJH 353' SDWWHUQ DQG
7LPH5HVROYHG 3DUWLDO 'LVFKDUJH 753' SDWWHUQ DUH
FRPELQHG WR LPSURYH WKH SDWWHUQ UHFRJQLWLRQ DFFXUDF\ RI
GLIIHUHQWW\SHVRI3'VLJQDOVIURP*,6
+RZHYHULWKDVEHHQUHFRJQL]HGWKDWWKHWUDGLWLRQDOPDFKLQH
OHDUQLQJ PHWKRGV VXFK DV 690 DQG %311 KDYH PHW
ERWWOHQHFNV LQ WKHLU GHYHORSPHQW ZKLFK UHVWULFW IXUWKHU
LPSURYHPHQW RI WKH SDWWHUQ UHFRJQLWLRQ DFFXUDF\ ,Q UHFHQW
\HDUV GHHS OHDUQLQJ KDV EHHQ LPSRUWDQW LQ GHYHORSPHQW RI
$UWLILFLDO ,QWHOOLJHQFH $, DQG SDWWHUQ UHFRJQLWLRQ V\VWHPV




VWUXFWXUHV >@ 'HHS OHDUQLQJ PHWKRGV DUH FDSDEOH RI
VHOIOHDUQLQJDQGIHDWXUHDEVWUDFWLQJIURPPDVVLYHGDWDZKLFK
EULQJV QHZ SHUVSHFWLYHV DQG RSSRUWXQLWLHV IRU 3' SDWWHUQ
UHFRJQLWLRQ
7\SLFDO GHHS OHDUQLQJ PHWKRGV FRPSULVH RI &RQYROXWLRQDO
1HXUDO 1HWZRUN &11 6WDFNHG 'HQRLVLQJ $XWR(QFRGHUV
6'$( 5HFXUUHQW 1HXUDO 1HWZRUN 511 'HHS %HOLHI
1HWZRUN '%1 HWF &11 LVZLGHO\XVHG >@&11EDVHG














JUHDWO\ UHGXFHG WKURXJK WKH SDUDPHWHUV RI VKDULQJ DQG ORFDO
FRQQHFWLRQ ZKLFK DOVR UHGXFH WKH ULVN RI RYHUILWWLQJ >@
$FFRUGLQJ WR>@LWLVUHODWLYHO\HDV\WRFRQVWUXFWDQHWZRUN
ZLWKGHHSDUFKLWHFWXUHXVLQJ&11








SDWWHUQV KDYH KLJK VLPLODULW\ 7KLV PHWKRG LV DSSOLFDEOH QRW
RQO\WR3'SDWWHUQUHFRJQLWLRQLQ+9FDEOHVEXWDOVRWRDQDO\VLV





)LYH W\SHV RI LQVXODWLRQ GHIHFWV IRXQG LQ (35 FDEOHV ZHUH
VLPXODWHGXVLQJDVHFWLRQRIFDEOHZKLFKKDVEHHQLQVHUYLFH
7KHDUWLILFLDOIDXOWVZHUHVWUHVVHGLQDKLJKYROWDJHODERUDWRU\
7KH (35 FDEOH FRPSULVHV RI DQ DOXPLQXP FRUH DQ LQQHU





'HIHFW W\SH  VLPXODWLQJ D YRLG FURVVLQJ IURP WKH 39&
RYHUVKHDWKWRWKH(35LQVXODWLRQOD\HU7KHGHIHFWLVREWDLQHG
WKURXJK WKH IROORZLQJ SURFHGXUH D F\OLQGULFDO FDYLW\ LV
























,(& V\VWHP LV VKRZQ LQ)LJ  (35FDEOH VDPSOHVRI
OHQJWK  PHWHUV ZLWK WKH DUWLILFLDO GHIHFWV GHVFULEHG LQ
VHFWLRQZHUHFRQQHFWHGWRWKHKLJKYROWDJHVXSSO\IRU3'
WHVWLQJ 7KH +)&7 ZDV SODFHG DURXQG WKH HDUWK VWUDS RI WKH






WR 06V DQG WKH '$4 WLPH OHQJWK ZDV VHW WR PV RQH
SRZHUF\FOHRIWKH+]SRZHUVXSSO\

7KH WHVW YROWDJH ZDV LQFUHDVHG IURP  WR 3' ,QFHSWLRQ
9ROWDJH 3',9 LQ VWHSV RI N9 XS WR WKH PD[LPXP WHVW
YROWDJH)RUGHIHFWW\SHVDQGWKHPD[LPXPYDOXHZDV
N9WKHUDWHGYROWDJHRIWKH(35FDEOH)RUGHIHFWW\SHVDQG
 WKHPD[LPXP YROWDJHZDVN9DQGN9 UHVSHFWLYHO\
5DZGDWDZDVORJJHGIRUHDFKWHVW7KHQXPEHURIVHWVRIUDZ
3' GDWD IRU HDFK WHVW YROWDJH RI WKH ILYH W\SHV RI GHIHFWV LV
VKRZQLQ7DEOH
)URP WKH UDZ GDWD 3' WUDQVLHQW SXOVHV ZHUH H[WUDFWHG WR
JHQHUDWH3'GDWDVHWVIRUILYHW\SHVRIDUWLILFLDOGHIHFW)URPWKH
FRPSOHWH GDWD  WUDQVLHQW SXOVHV ZHUH UDQGRPO\ VHOHFWHG
IURP WKH GDWD IRU HDFK GHIHFW W\SH IRU IXUWKHU DQDO\VLV 7KLV
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7\SH          
7\SH          
7\SH          
7\SH          
7\SH          
& )HDWXUH([WUDFWLRQ
%DVHG RQ WKH  VDPSOHV RI 3' WUDQVLHQW SXOVHV IHDWXUH
H[WUDFWLRQ LQ ZKLFK LPSRUWDQW SDUDPHWHUV RI WKH VLJQDOV DUH
DFTXLUHGZDVFDUULHGRXW7KH3'SXOVHVLJQDOVDUHFRQVLGHUHG
LQWHUPVRIWKHIROORZLQJSDUDPHWHUVSXOVHZLGWK>@ULVH




506 YROWDJH IRUP IDFWRU 506 RYHU DYHUDJH YDOXH PDLQ
IUHTXHQF\ RI WUDQVLHQW SXOVH SKDVH DQJOH HTXLYDOHQW WLPH
OHQJWK 7 >@ HTXLYDOHQW EDQGZLGWK : >@ GLVFKDUJH
PDJQLWXGHLQSLFR&RXORPE
,QDGGLWLRQWRWKH3'IHDWXUHVGHVFULEHGDERYH:DYHOHW
7UDQVIRUP :7 DQDO\VLV ZDV DSSOLHG WR WKH WUDQVLHQW SXOVHV
>@7KHLQSXWVLJQDOVZHUHGHFRPSRVHGLQWRILYHOD\HUVDQG
ZDYHOHW IHDWXUHV ZHUH HVWDEOLVKHG IRU WKH ZDYHOHW WUDQVIRUP
)LQDOO\  W\SHV RI 3' IHDWXUHV ZHUH FRQVWUXFWHG DQG ZHUH






WKH VLJQDOV FRQVWUXFWHG DFFRUGLQJ WR WKHZDYHOHW FRHIILFLHQWV$L
UHSUHVHQWVWKHDSSUR[LPDWHFRPSRVLWLRQRIHDFKOD\HU[UHSUHVHQWV




(GL UHSUHVHQWV WKH GHWDLOHG HQHUJ\ RI OD\HU L WKH FDOFXODWLRQ
IRUPXODRIZKLFKLVVKRZQLQHTXDWLRQ
  L L(G G W GW ³ 
(DL UHSUHVHQWV WKH JOREDO HQHUJ\ RI OD\HU L WKH FDOFXODWLRQ
IRUPXODRIZKLFKLVVKRZQLQHTXDWLRQ








































































































































LQ VHFWLRQ ,,$ 6HFRQGO\ 3' W\SH  DQG 3' W\SH  VKRZ
GLIIHUHQFHVWR3'W\SHVDQGHJLQ)LJDWKH353'RI
GLVFKDUJHPDJQLWXGHGDWDSRLQWV IRU W\SHDQGKDYHD ORZHU
GHJUHHRIRYHUODSZLWK3'W\SHDQG





























$ $ $ $ $










DQG WKHXVHRI&RQYROXWLRQDO1HXUDO1HWZRUNV ZDV VHOHFWHGDV
RXWOLQHGLQWKHIROORZLQJVHFWLRQ











ILHOGV ZLWK PXOWLSOH OHYHOV >@ ,Q  )XNXVKLPD ILUVW
SURSRVHG 1HRFRJQLWURQ >@ ZKLFK LV D VHOIRUJDQL]LQJ
PXOWLOD\HU QHXUDO QHWZRUN EDVHG RQ WKH WKHRU\ RI UHVSHFWLYH
ILHOG ,Q  /H&XQ HW DO >@ SURSRVHG WKH ILUVW W\SH RI
FRQYROXWLRQDO QHXUDO QHWZRUN /H1HW E\ XWLOL]LQJ D
JUDGLHQWEDVHG EDFN SURSDJDWLRQ DOJRULWKP IRU VXSHUYLVHG
WUDLQLQJ ,Q  .UL]KHYVN\ HW DO ZRQ WKH LPDJH
FODVVLILFDWLRQ FRPSHWLWLRQ ,PDJH1HW /DUJH 6FDOH 9LVXDO
5HFRJQLWLRQ DQG &KDOOHQJH ZLWK $OH[1HW >@ &11 LV





DOWHUQDWHO\ FRQQHFWHG FRQYROXWLRQDO OD\HUV SRROLQJ OD\HUV DQG D
IXOO\FRQQHFWHGOD\HUIRUFODVVLILFDWLRQ,QJHQHUDOWKHLQSXWWRD
&11LVDRUGLPHQVLRQDORU'GDWDPDWUL[
7KHFRQYROXWLRQDO OD\HU LV XWLOL]HGGLUHFWO\ WRH[WUDFW IHDWXUHV
IURPWKH'RU'PDWUL[HVDQGPDSWKHH[WUDFWHGIHDWXUHVWRIRUP
QHZIHDWXUHPDSV7KHVWUXFWXUHLQZKLFKPXOWLSOHFRQYROXWLRQDO




IHDWXUHV VHTXHQWLDOO\ FRQYH\HG E\ PXOWLSOH FRQYROXWLRQDO DQG
SRROLQJ OD\HUV ,Q PRVW FDVHV &11 EDVHG SDWWHUQ UHFRJQLWLRQ
V\VWHPVDUHWUDLQHGE\JUDGLHQWGHVFHQWDOJRULWKP>@2ULJLQDOO\
&11 LV D PDWKHPDWLFDO PRGHO ZKLFK VKRZV UDZ LQSXW WKURXJK
GDWD WUDQVIRUPDWLRQ DQG GLPHQVLRQDOLW\ UHGXFWLRQ ZLWK PXOWLSOH
OHYHOVWRDQHZIHDWXUHUHSUHVHQWDWLRQILHOG>@
 ? ? ?
)HDWXUHV











7KHUH DUH PXOWLSOH NH\ IDFWRUV ZKLFK DIIHFW WKH SDWWHUQ
UHFRJQLWLRQDFFXUDF\RI&11 LQFOXGLQJ WKHQXPEHURIQHWZRUN
OD\HUVWKHVL]HRIWKHFRQYROXWLRQDONHUQHOWKHW\SHRIDFWLYDWLRQ
IXQFWLRQ DQG WKHSRROLQJPHWKRG DV GLVFXVVHG LQ WKH IROORZLQJ
VHFWLRQ
% 7KH1XPEHURI1HWZRUN/D\HUV
&11 KDYH D VSHFLDO QHWZRUN VWUXFWXUH LQ ZKLFK WKH QHWZRUN
QRGHVRIWKHDGMDFHQWWZROD\HUVDUHORFDOO\FRQQHFWHG,QDGGLWLRQ
&11V\VWHPVXVHVKDUHGSDUDPHWHUVRIFRQQHFWLRQZHLJKWVLQWKH
VDPH FRQYROXWLRQDO OD\HUV RU SRROLQJ OD\HUV >@ 7KHVH
FKDUDFWHULVWLFVJUHDWO\GHFUHDVHWKHQXPEHURISDUDPHWHUVUHGXFH
WKH FRPSOH[LW\ RI QHWZRUN WUDLQLQJ DQG WKH ULVN RI RYHU ILWWLQJ
>@ 7KHUHIRUH &11 KDV JUHDW DGYDQWDJHV LQ FRQVWUXFWLQJ
GHHS DUFKLWHFWXUHQHXUDO QHWZRUNV DQGSURYLGHV VXSHULRU IHDWXUH
OHDUQLQJFDSDELOLW\>@
$V WKH QXPEHU RI QHWZRUN OD\HUV LQFUHDVHV WKH IHDWXUH












FRQYROXWLRQDO NHUQHOV 'XULQJ WKH IRUZDUG SURSDJDWLRQ SURFHVV
HDFK FRQYROXWLRQDO NHUQHO FRQYROYHV ZLWK WKH LQSXW IHDWXUH
VWUXFWXUHIURPWKHHDUOLHUOD\HUWRSURGXFHFRQYROYHGIHDWXUHPDSV
7KH FRQYROYHG GDWD LV WKHQ VXEMHFWHG WR D QRQOLQHDU DFWLYDWLRQ
IXQFWLRQWRJHWWKHRXWSXWIHDWXUHPDSVRIWKHOD\HU
$Q H[DPSOH RI ' FRQYROXWLRQ LV VKRZQ LQ )LJ  $ î
FRQYROXWLRQDONHUQHOFRQYROYHVZLWKWKHîLQSXWIHDWXUHGLDJUDP
WRSURGXFHDQRXWSXWIHDWXUHEORFNZLWKXQLWVDUUDQJHGLQî







IHDWXUHGHWHFWLQJGLUHFWO\ 0RUHRYHU WKHPDWHULDO FRPSOH[LW\RI
HDFKFRQYROXWLRQDORSHUDWLRQ LQ WKH&11 PRGHO LV WKHRUHWLFDOO\
OLQHDUZLWKWKHVLGHOHQJWKRIWKHFRQYROXWLRQDONHUQHO,IWKHVL]HRI

























&11ZKLFKSOD\V DQ LPSRUWDQW UROH LQGHWHUPLQLQJ WKHSDWWHUQ
UHFRJQLWLRQ SHUIRUPDQFH 7\SLFDO QRQOLQHDU DFWLYDWLRQ IXQFWLRQV
FRQWDLQK\SHUEROLFWDQJHQWIXQFWLRQWDQKVLJPRLGDQGUHFWLILHG
OLQHDUXQLWUHOX>@








$V WKH VDWXUDWLRQ SURSHUW\ RI VLJPRLG IXQFWLRQV KDYH WKH
FKDOOHQJHVRIJUDGLHQWGLVDSSHDULQJDQGKLJKFRPSXWDWLRQDOFRVWLW
LVGLIILFXOWWRHIIHFWLYHO\WUDLQWKHOLPLWVRIGHHSQHXUDOQHWZRUNV
ZLWK VLJPRLGV >@ 7KH WDQK IXQFWLRQ KDV VLPLODU VDWXUDWLRQ
FKDUDFWHULVWLFWRVLJPRLGVJLYLQJULVHWRVLPLODUSDWWHUQUHFRJQLWLRQ
DFFXUDF\LVVXHV,QFRPSDULVRQWRVLJPRLGDQGWDQKWKHOLQHDUDQG
XQVDWXUDWHG FKDUDFWHULVWLFV RI WKH UHOX IXQFWLRQ LV IDYRUDEOH IRU
PDNLQJQHXUDOQHWZRUNVFRQYHUJHUDSLGO\+RZHYHUVRPHRIWKH
ZHLJKWV RI QRGHV RI WKH QHXUDO QHWZRUNV ZLWK UHOX PD\ QRW EH
XSJUDGHGGXULQJWUDLQLQJLHD³GHDG]RQH´RFFXUV7KHDEVHQFH





WKH FRPSXWDWLRQDO FRVW PD\ EHFRPH H[FHVVLYH LH LI DOO WKH





7KHUH LV VRPH GLIIHUHQFH LQ WKH HIIHFWLYHQHVV RI &11V ZLWK
GLIIHUHQWSRROLQJDSSURDFKHVRQYDULRXVGDWDVHWV&XUUHQWO\PD[






GLDJUDP DQG WDNHV WKH IHDWXUH ZLWK WKH JUHDWHVW YDOXH LQ HDFK
ZLQGRZ WR JHQHUDWH D SRROHG IHDWXUH 0D[ SRROLQJ GLVFDUGV
QRQPD[LPDOIHDWXUHVDQGWKLVPD\UHVXOWLQLQIRUPDWLRQORVV
   
   
   








7KH DYHUDJH SRROLQJ PHWKRG WDNHV WKH DYHUDJH RI WKH LQSXW
IHDWXUHVZLWKLQWKHSRROLQJZLQGRZ$YHUDJHSRROLQJVHOHFWVWKH
DYHUDJH YDOXH RI WKH IHDWXUHV LQ WKH SRROLQJ ZLQGRZ EXW WKLV
GLVFULPLQDWLRQRIGDWDPD\DOVRUHVXOWLQLQIRUPDWLRQORVV
7KH 5DQN EDVHG $YHUDJH 3RROLQJ 5$3 PHWKRG HIIHFWLYHO\
KDQGOHVWKHSUREOHPRIWKHORVVRIXVHIXOLQIRUPDWLRQFDXVHGE\
DYHUDJH SRROLQJ DQG PD[ SRROLQJ E\ ZHLJKWHG DYHUDJLQJ WKH
IHDWXUHV LQ WKH SRROLQJ ZLQGRZ >@ 5$3 FRPELQHV WKH
DGYDQWDJHVRIPD[SRROLQJDQGDYHUDJHSRROLQJWKHUHIRUHKDVD
EHWWHUSHUIRUPDQFHDVLWUHWDLQVWKHGLVFULPLQDWRU\IHDWXUHVORVWLQ
























































6WHS  7KH H[SHULPHQWDO GDWD ZDV SUHSURFHVVHG DQG 3'
SXOVHVZHUHH[WUDFWHG










7KH LGHDO FKRLFH RI WKH SDUDPHWHUV LQFOXGLQJ WKH QXPEHU RI
QHWZRUN OD\HUV WKH FRQYROXWLRQDO NHUQHO VL]H WKH DFWLYDWLRQ
IXQFWLRQDQGWKHSRROLQJPHWKRGVZHUHGHWHUPLQHG




KLJK YROWDJH FDEOHV ZHUH HYDOXDWHG LQ WHUPV RI QXPEHU RI
QHWZRUN OD\HUV WKH FRQYROXWLRQDO NHUQHO VL]H WKH DFWLYDWLRQ
IXQFWLRQ DQG WKH SRROLQJ PHWKRG )XUWKHUPRUH WKH SURSRVHG
DSSURDFK ZDV FRPSDUHG ZLWK WKH WUDGLWLRQDO PHWKRGV LH
%311DQG690
7KH FRPSXWHU FRQILJXUDWLRQ ZDV DV IROORZV WKH RSHUDWLQJ





OD\HUV ZDV WHVWHG 7KH VWUXFWXUH RI HDFK &11 KDG VLPLODU
FKDUDFWHULVWLFV LH WKH VDPH QXPEHU RI FRQYROXWLRQDO DQG








$V WKH QXPEHU RI QHWZRUN OD\HUV LQFUHDVHV WKH DELOLW\ RI
&11 WR ILW WKH UHIHUHQFH GDWD ZLOO LQFUHDVH EXW WKH ULVN RI
RYHUILWWLQJDOVRLQFUHDVHVHVSHFLDOO\ZKHQWKHVDPSOHGDWDLV










 3'7\SH 3'7\SH 

3'7\SH
3'7\SH  3'7\SH  7RWDO












7KLV VHFWLRQ VKRZV WKDW &11 ZLWK GLPHQVLRQDO
FRQYROXWLRQDO NHUQHOV RI VL]H QîQ KDYH GLIILFXOW\ ZLWK
FRQGXFWLQJQHWZRUN WUDLQLQJ DQGKDYHQRQLGHDO SHUIRUPDQFH
RZLQJ WR D VLJQLILFDQW LQFUHDVH LQ WKH QXPEHU RI QHWZRUN
SDUDPHWHUV FRPSDUHG WR &11 ZLWK GLPHQVLRQDO
FRQYROXWLRQDO NHUQHOV RI VL]H îQ +HQFH WKH 3' SDWWHUQ
UHFRJQLWLRQUHVXOWVRI&11VZLWKFRQYROXWLRQDONHUQHOVL]HVRI






























î î î î î î î î )LJ&RPSDULVRQRIUHFRJQLWLRQHUURURI&11ZLWKGLIIHUHQWFRQYROXWLRQ
NHUQHOVL]HV
7KH VL]H RI WKH FRQYROXWLRQDO NHUQHO LV RI VLJQLILFDQW
LPSRUWDQFHWRWKH3'SDWWHUQUHFRJQLWLRQSHUIRUPDQFHRI&11
$ VPDOO FRQYROXWLRQDO NHUQHO VL]H ZLOO UHVWULFW WKH IHDWXUH
DEVWUDFWLQJ DQG H[SUHVVLQJ FDSDELOLWLHV RI &11 ZKLOH D ELJ
FRQYROXWLRQ NHUQHO VL]H ZLOO FDXVH UHGXQGDQW FRPSXWDWLRQ
)URP )LJ  LW FDQ EH VHHQ WKDW WKH 3' SDWWHUQ UHFRJQLWLRQ
DFFXUDF\RI&11ZLWKDFRQYROXWLRQDONHUQHOVL]HRIîî
DQG î LV   DQG  UHVSHFWLYHO\
)XUWKHUPRUH WKH WUDLQLQJ WLPH RI &11 ZLWK D FRQYROXWLRQDO
NHUQHO VL]H RI î î DQG î ZDV V V DQG V
UHVSHFWLYHO\ $V WKH VL]H RI WKH FRQYROXWLRQDO NHUQHO ZDV
LQFUHDVHGIURPîWRîWKH3'SDWWHUQUHFRJQLWLRQDFFXUDF\
RI &11 LQFUHDVHV DW ILUVW DQG WKHQ SODWHDXV +RZHYHU WKH
WUDLQLQJWLPHKDVDQDSSUR[LPDWHO\OLQHDULQFUHDVH)URPWKLVD
&11 ZLWK FRQYROXWLRQDO NHUQHO VL]H RI î KDV WKH KLJKHVW
SDWWHUQUHFRJQLWLRQDFFXUDF\DQGPRGHUDWHFRPSXWDWLRQDOFRVW
ZKLFK PHDQV WKH EHVW FRPSUHKHQVLYH SDWWHUQ UHFRJQLWLRQ
SHUIRUPDQFH7KHUHVXOWVYDOLGDWHWKHDQDO\VLVRI WKHHIIHFWRI














)URP )LJ  WKH VZLVK IXQFWLRQ KDV D KLJKHU SDWWHUQ
UHFRJQLWLRQDFFXUDF\WKDQ&11VZLWKWKHRWKHUWKUHHDFWLYDWLRQ
IXQFWLRQV


















)URP )LJ  &11 ZLWK 5$3 KDV WKH KLJKHVW 3' SDWWHUQ
UHFRJQLWLRQ DFFXUDF\ IRU HYHU\ W\SH RI 3' IDXOW W\SH $V
GLVFXVVHG 5$3 KDV WKH DELOLW\ WR PHUJH WKH DGYDQWDJHV RI
DYHUDJHSRROLQJDQGPD[SRROLQJUHVXOWLQJLQ&11ZLWK5$3
KDYLQJ WKH EHVW 3' SDWWHUQ UHFRJQLWLRQ SHUIRUPDQFH 7KH






















7KH FRQIXVLRQ PDWUL[ IRU 3' SDWWHUQ UHFRJQLWLRQ RI &11 LV
VKRZQLQ)LJ
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7KH UHVXOWV DUH VKRZQ LQ )LJ  7KH W61( DOJRULWKP LV D
QRQOLQHDU GLPHQVLRQDOLW\ UHGXFWLRQ WHFKQLTXH IXUWKHU
LQIRUPDWLRQRQW61(FDQEHIRXQGLQ>@
,Q)LJLWFDQEHREVHUYHGWKDWGDWDSRLQWVIRUHDFKGHIHFW
W\SH DUH JURXSHG WRJHWKHU LQ WKH RULJLQDO IHDWXUH VSDFH $V
H[SHFWHG WKH GHJUHH RI RYHUODS IRU SRLQWV FRUUHVSRQGLQJ WR
GHIHFWW\SHVDQGDUHSDUWLFXODUO\ODUJH
 3'7\SH    




























































WKH VDPSOHV PDWFKLQJ WR WKH ILYH GHIHFW W\SHV EHFRPH




$IWHUEHLQJSURFHVVHGE\ WKH VHFRQGFRQYROXWLRQDO OD\HU WKH
UHODWLYH VHSDUDWLRQ RI WKH ILYH W\SHV RI GHIHFW LV JUHDWHU WKDQ
WKRVHLQWKHSUHYLRXVFRQYROXWLRQDOOD\HU$IWHUEHLQJKDQGOHG
E\WKHWKLUGFRQYROXWLRQDOOD\HUWKHVDPSOHVSRLQWFOXVWHUVDUH
PRUH FRQFHQWUDWHG DQG GLIIHUHQWLDEOH IURP HDFK RWKHU 7KH
FRQWULEXWLRQRIHDFKFRQYROXWLRQDOOD\HURI&11WRGLVWLQJXLVK












W\SH 7\SH 7\SH 7\SH 7\SH 7\SH $FFXUDF\
7UDLQLQJ
7LPH
&11       V
%311       V
690       V
)URP7DEOHRYHUDOO3'SDWWHUQUHFRJQLWLRQDFFXUDF\UDWHRI
&11 LV  ZKLFK ZDV WKH KLJKHVW DPRQJ WKH WKUHH
PHWKRGV7KHRYHUDOODFFXUDF\RI690LVDQGWKDWRI
%311 ZDV  %311 ZDV ORZHVW DPRQJ RI WKH
DSSURDFKHV &RPSDUHG WR %311 DQG 690 RYHUDOO SDWWHUQ
UHFRJQLWLRQ DFFXUDF\ RI &11 ZDV LQFUHDVHG E\  DQG
 UHVSHFWLYHO\ )XUWKHUPRUH WKH SDWWHUQ UHFRJQLWLRQ
DFFXUDF\ RI &11 IRU HYHU\ W\SH RI GHIHFW ZDV WKH KLJKHVW
DPRQJDOOPHWKRGV7KHGHJUHHRIGLVWLQFWLRQRIGHIHFWW\SHV
DQGLVUHODWLYHO\KLJKPDNLQJLWHDVLHUWRGLIIHUHQWLDWHWKH
WKUHH GHIHFW W\SHV 3' SDWWHUQ UHFRJQLWLRQ DFFXUDF\ UDWHV RI







2QH GLVDGYDQWDJH RI &11 LV WKDW WKH PHWKRG WDNHV PRUH
WUDLQLQJWLPHWKDQ%3117KHWUDLQLQJ WLPHRI&11LV
VHFRQGV DQG WKH WUDLQLQJ WLPH RI %311 LV  VHFRQGV 7KH


















&11 IRU GHIHFW W\SH  ZDV  DQG  EHWWHU





WKH DFWLYDWLRQ IXQFWLRQ DQG WKH SRROLQJ PHWKRG DSSOLHG











x %DVHG RQ WKH GDWDVHW WKH RYHUDOO SDWWHUQ UHFRJQLWLRQ
DFFXUDF\IRU WKHILYHW\SHVRI3'VLJQDOVEDVHGRQ&11
ZLWK VZLVK ZDV EHWWHU E\   DQG 
FRPSDUHG ZLWK &11V ZLWK WDQK VLJPRLG DQG UHOX
UHVSHFWLYHO\
x 7KHRYHUDOODFFXUDF\UDWHIRU3'SDWWHUQUHFRJQLWLRQEDVHG
RQ &11 ZLWK 5$3 ZDV EHWWHU E\  DQG 
FRPSDUHG ZLWK &11V ZLWK PD[ SRROLQJ DQG DYHUDJH
SRROLQJV\VWHPVUHVSHFWLYHO\
$OOVWXGLHVLQWKHSDSHUZHUHEDVHGRQODERUDWRU\VLPXODWHG
DUWLILFLDO GHIHFWV 7KH PDMRU UHDVRQ LV IRU PRVW RQOLQH 3'
PRQLWRULQJ V\VWHPV RU RQVLWH 3' WHVWLQJ LW LV GLIILFXOW WR
FRUUHODWH3'VLJQDOVZLWKFRUUHVSRQGLQJFDEOHGHIHFW W\SHV LI
FDEOH PDLQWHQDQFH LV QRW FDUULHG RXW DIWHU 3' VLJQDOV DUH
GHWHFWHG :KHWKHU WKH SDWWHUQ UHFRJQLWLRQ PHWKRGV EDVHG RQ
DUWLILFLDO GHIHFWV FRXOG EH DSSOLHG WR DFWXDO GHIHFWV RU QRW
GHSHQGVRQZKHWKHUWKHDUWLILFLDOGHIHFWVDUHWKHVDPHDVWKHUHDO
GHIHFWV
7KH SURSRVHG &11 EDVHG 3' SDWWHUQ UHFRJQLWLRQ VKRZV














>@ $ .ULYGD ³$XWRPDWHG UHFRJQLWLRQ RI SDUWLDO GLVFKDUJHV´ ,(((
7UDQV'LHOHFWU(OHFWU,QVXOYROQRSS2FW
>@ 5 :X & &KDQJ ³7KH XVH RI SDUWLDO GLVFKDUJHV DV DQ RQOLQH
PRQLWRULQJ V\VWHP IRU XQGHUJURXQG FDEOH MRLQWV´ ,((( 7UDQV RQ
3RZHU'HOYROQRSS-XO
>@ = +RX + /L = 6XQ % /LX 6 -L & =KX ³$ QRYHO VLQXVRLGDO
GDPSHG RVFLOODWLQJ YROWDJH JHQHUDWRU IRU WKH GHWHFWLRQ RI SDUWLDO
GLVFKDUJHLQ09GLVWULEXWLRQSRZHUFDEOHV´,(((7UDQVRQ3RZHU
'HOYROQRSS)HE
>@ 7 6KDR ) .RQJ + /L < 0D 4 ;LH & =KDQJ ³&RUUHODWLRQ
EHWZHHQ 6XUIDFH &KDUJH DQG '& 6XUIDFH )ODVKRYHU RI 3ODVPD
7UHDWHG(SR[\5HVLQ´,(((7UDQV'LHOHFWU(OHFWU,QVXOYRO
QRSS$XJ
>@ $ +LUDWD 6 1DNDWD = , .DZDVDNL ³7RZDUG DXWRPDWLF
FODVVLILFDWLRQ RI SDUWLDO GLVFKDUJH VRXUFHV ZLWK QHXUDO QHWZRUNV´
,(((7UDQVRQ3RZHU'HOYROQRSS-DQ
>@ &6&KDQJ--LQ&&KDQJ7+RVKLQR0+DQDL1.RED\DVKL
³6HSDUDWLRQ RI FRURQD XVLQJ ZDYHOHW SDFNHW WUDQVIRUP DQG QHXUDO
QHWZRUN IRU GHWHFWLRQ RI SDUWLDO GLVFKDUJH LQ JDVLQVXODWHG
VXEVWDWLRQV´ ,((( 7UDQV RQ 3RZHU 'HO YRO  QR  SS
$SU
















>@ 6+XL - 'DL * 6KHQJ; -LDQJ ³*,6 SDUWLDO GLVFKDUJHSDWWHUQ
UHFRJQLWLRQ YLD GHHS FRQYROXWLRQDO QHXUDO QHWZRUN XQGHU FRPSOH[
GDWDVRXUFH´,(((7UDQV'LHOHFWU(OHFWU,QVXOYROQRSS
$SU
>@ * /L ; :DQJ ; /L $ <DQJ 0 5RQJ ³3DUWLDO GLVFKDUJH
UHFRJQLWLRQZLWK D PXOWLUHVROXWLRQ FRQYROXWLRQDO QHXUDO QHWZRUN´
6HQVRUVYROQRSS2FW




>@ 6 + %DH . - <RRQ ³&RQILGHQFH%DVHG 'DWD $VVRFLDWLRQ DQG




0 ' -XGG : + 6LHZ ³5RXJK VHW WKHRU\ DSSOLHG WR SDWWHUQ















>@ 6 6 6 .UXWKLYHQWL . $\XVK 5 9 %DEX ³'HHS)L[ $ )XOO\
&RQYROXWLRQDO1HXUDO1HWZRUNIRU3UHGLFWLQJ+XPDQ(\H)L[DWLRQV´
,((( 7UDQV ,PDJH 3URFHVV YRO  QR SS  6HSW

>@ 6:DQJ<-LDQJ;+RX+&KHQJ6'X³&HUHEUDO0LFUR%OHHG
'HWHFWLRQ %DVHG RQ WKH &RQYROXWLRQ 1HXUDO 1HWZRUN :LWK 5DQN
%DVHG $YHUDJH 3RROLQJ´ ,((( $FFHVV YRO  SS ±
$XJ
>@ -&KHQJ+/LX):DQJ+/L&=KX³6LOKRXHWWH$QDO\VLVIRU




;LDRVKHQJ 3HQJ 0¶ UHFHLYHG WKH %6F DQG 06F
GHJUHHV IURP +XD]KRQJ 8QLYHUVLW\ RI 6FLHQFH DQG
7HFKQRORJ\&KLQDLQDQGUHVSHFWLYHO\DQGWKH
3K' LQ HOHFWULFDO HQJLQHHULQJ DW *ODVJRZ &DOHGRQLDQ
8QLYHUVLW\LQIXQGHGE\(365&+HKDVZRUNHGDVD
SRVWGRFWRUDO UHVHDUFK IHOORZ LQ *ODVJRZ &DOHGRQLDQ






&KHQJNH =KRX 0¶ UHFHLYHG WKH%6FDQG06F






DV D5HDGHUXQWLO ZKHQKH UHWXUQHG WR *ODVJRZ
&DOHGRQLDQ8QLYHUVLW\DVD3URIHVVRU+HKDVSXEOLVKHG




WKH 2SHQ 8QLYHUVLW\ LQ  DQG WKH 3K' GHJUHH
IURP*ODVJRZ&DOHGRQLDQ8QLYHUVLW\*&8LQ
+HKDVPDQ\\HDUVRI LQGXVWULDO UHVHDUFKH[SHULHQFH
DQG KDV EHHQ LQYROYHG LQ UHVHDUFK LQWR KLJK YROWDJH
LQVXODWLRQ V\VWHPV DW *&8 IRU RYHU  \HDUV +LV
UHVHDUFK LQWHUHVWV FRYHU PRQLWRULQJ RI FKHPLFDO
FKDQJHV WR LQVXODWLRQ PDWHULDOV DSSOLFDWLRQ RI
HOHFWULFDO DFRXVWLF DQG5) PRQLWRULQJ HTXLSPHQW WR




$OLVWDLU - 5HLG 0¶60¶ JUDGXDWHG IURP WKH
8QLYHUVLW\RI6WUDWKFO\GH8.LQZLWKD%(QJ
+RQV GHJUHH LQ HOHFWULFDO DQG PHFKDQLFDO
HQJLQHHULQJDQGUHFHLYHGWKH3K'GHJUHHLQIRU
UHVHDUFK RQ SDUWLDO GLVFKDUJH PRQLWRULQJ
6XEVHTXHQWO\ KH KDV ZRUNHG DV D 3RVW'RFURUDO
5HVHDUFKDWWKH8QLYHUVLW\RI6WUDWKFO\GHD5HVHDUFK
)HOORZ DW *ODVJRZ &DOHGRQLDQ 8QLYHUVLW\ DQG D
9LVLWLQJ5HVHDUFK$VVRFLDWHDW&DOLIRUQLD,QVWLWXWHRI
7HFKQRORJ\+HLVSUHVHQWO\D/HFWXUHULQWKH6FKRRO
RI (QJLQHHULQJ DQG %XLOW (QYLURQPHQW DW *ODVJRZ
&DOHGRQLDQ 8QLYHUVLW\ +LV UHVHDUFK LQWHUHVWV LQFOXGH GLDJQRVWLF PRQLWRULQJ
WHFKQLTXHV DQG V\VWHPVSDUWLDO GLVFKDUJH VHQVRU GHVLJQHPEHGGHGV\VWHPV














+LJK )UHTXHQF\ 'LDJQRVWLFV EDVHG LQ *ODVJRZ
6FRWODQG+HZDVERUQLQ6DOIRUG(QJODQGLQDQG
JUDGXDWHGIURPWKH8QLYHUVLW\RI+XOOLQZLWKDVW
&ODVV +RQV GHJUHH LQ (OHFWURQLF (QJLQHHULQJ DIWHU
ZKLFKKHJDLQHG\HDUVRILQGXVWULDOH[SHULHQFHZLWK
ERWK0DUFRQL(OHFWURQLF'HYLFHVDQG((9/WG0DUWLQ
UHFHLYHG KLV 3K' GHJUHH IURP WKH 8QLYHUVLW\ RI
6WUDWKFO\GHLQIRUUHVHDUFKLQWRWKHH[FLWDWLRQRI
8+) VLJQDOV E\ SDUWLDO GLVFKDUJHV LQ JDV LQVXODWHG
VZLWFKJHDU +H KDV ZRUNHG H[WHQVLYHO\ RQ 8+) SDUWLDO GLVFKDUJH ORFDWLRQ
WHFKQLTXHVIRUSRZHUWUDQVIRUPHUVDQGZDVODWWHUO\3URIHVVRURI+LJK9ROWDJH
7HFKQRORJLHV DW WKH 8QLYHUVLW\ RI 6WUDWKFO\GH ZKHUH KH PDQDJHG WKH +LJK
9ROWDJH 5HVHDUFK /DERUDWRU\ ,Q  KH IRXQGHG +LJK )UHTXHQF\
'LDJQRVWLFVDVSHFLDOLVWFRQVXOWDQF\EXVLQHVV WKDWZRUNV LQSDUWQHUVKLSZLWK




(OHFWURQLF 	 (OHFWULFDO (QJLQHHULQJ 8QLYHUVLW\ RI
6WUDWKFO\GH *ODVJRZ 6FRWODQG  +H LV D WULSOH
DOXPQXVRIWKH8QLYHUVLW\RI6WUDWKFO\GHZLWKGHJUHHV
RI%6F+RQVLQHOHFWURQLF	HOHFWULFDOHQJLQHHULQJ
3K' LQ HOHFWURQLF 	 HOHFWULFDO HQJLQHHULQJ DQG
0DVWHU RI %XVLQHVV $GPLQLVWUDWLRQ  +LV DUHDV RI
UHVHDUFK LQWHUHVW LQFOXGH ODUJH V\VWHPV
HOHFWURPDJQHWLF FRPSDWLELOLW\ FDEOH GLDJQRVWLFV
OLJKWQLQJSURWHFWLRQDQGZLUHOHVVVHQVLQJV\VWHPV+H
LV &RQYHQHU RI WKH &,*5( :* & DQG D PHPEHU RI WKH 7HFKQLFDO
$GYLVRU\3DQHOIRUWKH,(73URIHVVLRQDO1HWZRUNRQ(OHFWURPDJQHWLFV+HLV
DOVRDPHPEHURI,(((7&+HLVD&KDUWHUHG(QJLQHHUDQGDQ0,((

